Abstract: Double-motor drive tracked vehicles (2MDTV) are widely used in the tracked vehicle industry due to the development of electric vehicle drive systems. The aim of this paper is to solve the problem of insufficient propulsion motor torque in low-speed, small-radius steering and insufficient power in high-speed large-radius steering. In order to do this a new type of steering system with a coupling device is designed and a closed-loop control strategy based on speed is adopted to improve the lateral stability of the vehicle. The work done entails modeling and simulating the 2MDTV and the proposed control strategy in RecurDyn and Matlab/Simulink. The simulation results show that the 2MDTV with the coupling device outputs more torque and power in both steering cases compared to the 2MDTV without the coupling device, and the steering stability of the vehicle is improved by using the strategy based on speed.
Introduction
The addition of a track to a vehicle improves the vehicle's traction on soft surfaces, therefore tracks are found on a variety of vehicles such as bulldozers, excavators, tanks, tractors and any vehicle whose application would benefit from the increased traction. Such vehicles are widely used in many areas such as the military, agriculture, construction, mining, and disaster rescue [1] . Although there are many studies on traditional tracked vehicles [2] [3] [4] , there is still a need for more investigations on electric tracked vehicles. In recent years, with the development of high-power electronic devices, computer control technology and drive motors with high power and high efficiency, electrical drive control technology has made a breakthrough [5] .
An electric drive system can be used not only to meet the required dynamic performance of the vehicle, but also to provide energy for electromagnetic weapons [6] . The hybrid electric powertrain with energy management strategies can provide more flexibility to meet driver demand and improve the fuel economy [7] . Moreover, compared to traditional vehicles, electric tracked vehicles' CO and NO x emissions are reduced [8] , making electric drive technology an important research direction in regard to tracked vehicle propulsion.
The dual-motor independent drive configuration is the most widely used configuration in electric tracked vehicles [9] [10] [11] . This electric propulsion system which is composed of two AC induction motors, final drives and running gears is characterized by complicated multi-variables and nonlinearity [12] . The need for high speed, heavy load and automation has imposed higher and higher requirements on the stability, reliability, controllability and maneuverability of the vehicles [13] . To do this we took right steering as an example, F L is the tractive force on the outer track, F R is the tractive force on the inner track, R L is the rolling resistance force on the outer track, R R is the rolling resistance on the inner track, M µ is the steering resistance moment, v L is the track speed on the outer side, v R is the track speed on the inner side and ω is the yaw rate. Steering maneuvers with different radiuses can be shown in Figure 1 . M µ is defined as follows:
where µ is the coefficient of roll resistance, µ max is the maximum rolling resistance coefficient, R is the steering radius of the vehicle. The rolling resistance of the two tracks which is the same in magnitude but opposite in direction is expressed as follows:
According to vehicle dynamics performance indicators: First, maximum speed should be 72 km/h. Second, maximum climbing degree should be 32 • and climbing speed is 20 km/h. Third, acceleration capability: 0 to 32 km/h less than 8 s. The parameters of the motor are determined as shown in Table 2 . In this paper, the dynamic balance corresponding to different steering maneuvers is analyzed to obtain the torque or power required by an unilateral motor. Then we could find out whether it can meet the requirements during different steering radius.
R ≤ 0.5 B Steering
The equilibrium relationship between the force and moment of the vehicle when turning from resting, as shown in Figure 1a , can be expressed as:
where F L and F R are tractive force but opposite in direction. It's worth mentioning that when R = 0, F L = F R , V L = V R , lateral acceleration is zero, dv/dt = 0, and when R = 0.5 B, V R = 0, R R = 0. 
where FL and FR are tractive force but opposite in direction. It's worth mentioning that when R = 0, FL = FR, VL = VR, lateral acceleration is zero, dv/dt = 0, and when R = 0.5 B, VR = 0, RR = 0. The motor speed on both sides can be expressed as
where r z is the radius of the sprocket, r z = 150 mm.
From Equations (1)- (4), the motor torque and power can be obtained as follows:
T is the tractive torque but opposite in direction. P is the consumed power used to drive the track. Subscript "L" or "R" means the left or right side of the vehicle.
R > 0.5 B Steering
According to the vehicle dynamic balance, the following formula can be obtained from Figure 1b :
where F L is the tractive force. If we assume the following equation:
We will get the solution R = R 0 = 67.54 m. When R > R 0 , F R is tractive force and is in the same direction with the track. While when R < R 0 , F R is brake force, generated by motor. The direction between F R and V R is opposite in this situation.
The vehicle in this steering case can be divided into static starting steering and driving steering, the motor torque and power required vary with the steering radius and speed.
From Equations (1)- (7), Table 3 shows the steering power and torque required by dual motors during dynamic steering maneuvers with 0, 0.2 B, 0.5 B steering radii and stationary steering maneuvers with 0, 0.2 B, 0.5 B, 2 B, 5 B, 8 B, 10 B steering radii.
From Table 3 we can see that when 0 ≤ R ≤ 0.5 B, in both dynamic steering and stationary steering, the motor torque required exceeds the motor's peak torque (150 N·m). When R = 5 B, the power required by the outer side motor is larger than the motor's maximum power (40 kW). When R = 8 B or R = 10 B, the power required by both side motors is larger than the motor's maximum power (40 kW). According to the results we can find that during small-radius steering (0 ≤ R ≤ 0.5 B) the torque required by a single motor in dynamic steering is 1.5 times that during stationary steering. During large-radius steering (R = 10 B) the power required by the motor is 1.5 times the motor's maximum power therefore the motor's torque and power should increase by 50% at least, which results in large size and mass of the motor and other power inverters. As a result, the superiority of ECDS is not highlighted, and although Zhai [1] proposed a single motor and steering motor coupling system, providing larger torque during small-radius steering, and additional power during high speed large-radius steering while the working principle and structural design of the coupled system were not described in detail. Table 3 . Dynamic and stationary steering torque and power required by two motors. 
Steering System Design

Steering Coupling Drive System
A steering coupling drive system composed of a new type of center steering motor, two electromagnetic clutches, two planetary gear couplers, and two propulsion motors is designed and shown in Figure 2 . The parameters of the steering motor are determined as listed in Table 4 . The steering motor can produce large torque at low rotation speed. A reverse mechanism is designed in the steering motor to achieve positive and negative rotation direction. When the torque or power is insufficient, the electromagnetic clutch is engaged and the torque or power of the driving wheel is satisfied by the coupling of the steering motor and the propulsion motor.
Energies 2017, 10, 1118 5 of 17 R = 8 B or R = 10 B, the power required by both side motors is larger than the motor's maximum power (40 kW). According to the results we can find that during small-radius steering (0 ≤ R ≤ 0.5 B) the torque required by a single motor in dynamic steering is 1.5 times that during stationary steering. During large-radius steering (R = 10 B) the power required by the motor is 1.5 times the motor's maximum power therefore the motor's torque and power should increase by 50% at least, which results in large size and mass of the motor and other power inverters. As a result, the superiority of ECDS is not highlighted, and although Zhai [1] proposed a single motor and steering motor coupling system, providing larger torque during small-radius steering, and additional power during high speed large-radius steering while the working principle and structural design of the coupled system were not described in detail.
Steering System Design
Steering Coupling Drive System
A steering coupling drive system composed of a new type of center steering motor, two electromagnetic clutches, two planetary gear couplers, and two propulsion motors is designed and shown in Figure 2 . The parameters of the steering motor are determined as listed in Table 4 . The steering motor can produce large torque at low rotation speed. A reverse mechanism is designed in the steering motor to achieve positive and negative rotation direction. When the torque or power is insufficient, the electromagnetic clutch is engaged and the torque or power of the driving wheel is satisfied by the coupling of the steering motor and the propulsion motor. 
Planetary Gear Coupler Design
A planetary gear coupler is proposed to couple the torque or power of the propulsion motor and the steering motor. The output torque transmitted to the sprocket is increased using the torque coupling mode during low-speed small-radius steering. The output power transmitted to the sprocket is increased using the power coupling mode during high-speed large-radius steering. Therefore the torque or power demand for different radius steering is satisfied and the vehicle steering performance is improved.
The planetary gear couplers consists of two electromagnetic (EM) clutches, two gear pairs and a planetary gear unit, which consists of a sun gear, a ring gear, a planet carrier and three planet gears, shown in Figure 3 . Gear pair 1 contains gear 1 and gear 2 (ring gear), whereas gear pair 2 contains gear 3 and gear 4. It's worth noting that gear 1 and gear 3 are mounted on the steering motor shaft without a spline, transmitting the torque occurs only when one of the EM clutches is engaged. The dual motor coupling drive steering includes a single side coupling mode and a double side coupling mode. We take one side as an example, as shown in Figure 3 .
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The planetary gear couplers consists of two electromagnetic (EM) clutches, two gear pairs and a planetary gear unit, which consists of a sun gear, a ring gear, a planet carrier and three planet gears, shown in Figure 3 . Gear pair 1 contains gear 1 and gear 2 (ring gear), whereas gear pair 2 contains gear 3 and gear 4. It's worth noting that gear 1 and gear 3 are mounted on the steering motor shaft without a spline, transmitting the torque occurs only when one of the EM clutches is engaged. The dual motor coupling drive steering includes a single side coupling mode and a double side coupling mode. We take one side as an example, as shown in Figure 3 . When the vehicle is driving straight, the ring gear (R) is fixed by brake 1 while both the EM clutch 1 and the EM clutch 2 are disengaged. The power is transmitted to the sun gear (S) of the planetary gear unit (transmission ratio 6.35) from the propulsion motor, and outputted through the planet carrier (C) to the sprocket. During steering, if the torque or power does not meet the demand, the torque or the power is coupled by this planetary gear coupling device. The coupling mode includes torque coupling mode and speed coupling mode, as shown in Table 5 . The torque coupling mode is active when the vehicle is turning in a small radius at low speed. In the torque coupling mode the EM clutch 1 is disconnected while the EM clutch 2 is engaged and brake 1 is disengaged. Then the torque of the steering motor and the propulsion motor are coupled to the sun gear (S) through the gear pair 2, transmitted to the sprocket through the planet carrier (C). The power transmission path is shown in Figure 4a .
The power coupling mode is active when the vehicle is turning in big radius at high speed. In When the vehicle is driving straight, the ring gear (R) is fixed by brake 1 while both the EM clutch 1 and the EM clutch 2 are disengaged. The power is transmitted to the sun gear (S) of the planetary gear unit (transmission ratio 6.35) from the propulsion motor, and outputted through the planet carrier (C) to the sprocket. During steering, if the torque or power does not meet the demand, the torque or the power is coupled by this planetary gear coupling device. The coupling mode includes torque coupling mode and speed coupling mode, as shown in Table 5 . The torque coupling mode is active when the vehicle is turning in a small radius at low speed. In the torque coupling mode the EM clutch 1 is disconnected while the EM clutch 2 is engaged and brake 1 is disengaged. Then the torque of the steering motor and the propulsion motor are coupled to the sun gear (S) through the gear pair 2, transmitted to the sprocket through the planet carrier (C). The power transmission path is shown in Figure 4a . The torque and power output to the driving sprockets on both sides under different steering radius conditions with this coupling device are shown in Table 6 . The performance of the vehicle without the coupling device is also shown in Table 6 . Table 6 . Motors' condition comparison between the vehicle with and without coupling device. It can be seen from Tables 3 and 6 that the maximum torque of the propulsion motor is 150 N·m, which cannot meet the steering requirement whereas with the coupling device a maximum torque of 280 N·m, can be transmitted from the propulsion motor to sprocket to meet the dynamic or stationary small-radius steering requirements. When the vehicle is turning in a big radius, the peak power of the motor is 40 kW without coupling, which is not enough, while with coupling, the vehicle can output a large enough power (60 kW at most) to meet the 8 B steering requirement shown in Table 3 .
Radius
Planetary Geaer System Design
Selection and Preliminary Calculation
The planetary gear transmission type 2Z-X (A) (defined by the former Soviet Union), that is NGW type, is selected. The transmission ratio is 6.35. The number of teeth of each gear: sun gear Za The power coupling mode is active when the vehicle is turning in big radius at high speed. In the power coupling mode the EM clutch 1 is engaged while the EM clutch 2 is disconnected and the brake 1 is engaged. The power of the steering motor is transferred to ring gear (R) through the gear pair 1 and the power of propulsion motor is transmitted to the sun gear (S). Then the power is coupled and transmitted to the sprocket through the planet carrier (C). The power transmission path is shown in Figure 4b .
The torque and power output to the driving sprockets on both sides under different steering radius conditions with this coupling device are shown in Table 6 . The performance of the vehicle without the coupling device is also shown in Table 6 . Table 6 . Motors' condition comparison between the vehicle with and without coupling device.
Radius
Coupling It can be seen from Tables 3 and 6 that the maximum torque of the propulsion motor is 150 N·m, which cannot meet the steering requirement whereas with the coupling device a maximum torque of 280 N·m, can be transmitted from the propulsion motor to sprocket to meet the dynamic or stationary small-radius steering requirements. When the vehicle is turning in a big radius, the peak power of the motor is 40 kW without coupling, which is not enough, while with coupling, the vehicle can output a large enough power (60 kW at most) to meet the 8 B steering requirement shown in Table 3 . Calculate the gear module initially according to bending fatigue:
where K m is the formula coefficient, K A is the using coefficient, K F ∑ is the comprehensive coefficient, K Fp is the bending coefficient, Y Fa1 is the tooth shape coefficient, φ d is the tooth width coefficient. σ Flim is the permissible stress. Therefore the gear module is 2.5. The centre distance is 70 mm with a spiral angle of 15.3589 • .
Geometric Size Calculation
The geometric sizes of the sun gear (with subscript 1), planet gear (with subscript 2) and ring gear (with subscript 3) are shown in Table 7 . Table 7 . Geometric sizes of each gear pair (mm). To make sure the coupler can work in extreme condition, the teeth contact stress and the teeth bending strength is checked as shown in Table 8 . The stress suffered by gear teeth is lower than the allowed value so the coupler can meet the strength requirements. 
Gear
EM Clutch and EM Brake
According the maximum torque characteristics of steering motor and planetary gear coupler in Table 3 , the maximum required torques of EM clutch 1 and EM clutch 2 in Figure 3 
130 N·m, respectively. The overall size of the EM clutch 1 and EM clutch 2 is Φ = 90 mm × 100 mm. The maximum required braking torques and the size of the electromagnetic brake is 1500 N·m and Φ = 310 mm × 55 mm, respectively. The important design parameters of the electromagnetic clutches and the electromagnetic brakes are proposed for manufacture. Based on the above calculations, the overall size of the coupling device is designed as 468 mm × 364 mm × 378 mm.
Control Strategy
Driver Inputs Modeling
The input angle signal of the steering wheel displacement is shown in Figure 5 . According to different steering wheel angle signals, the desired turning radius can be calculated. clutches and the electromagnetic brakes are proposed for manufacture. Based on the above calculations, the overall size of the coupling device is designed as 468 mm × 364 mm × 378 mm.
Control Strategy
Driver Inputs Modeling
The input angle signal of the steering wheel displacement is shown in Figure 5 . According to different steering wheel angle signals, the desired turning radius can be calculated. 
where α and β are the displacements of acceleration and brake pedals, respectively. 0 α and 0 β are the free displacements of acceleration and brake pedals, respectively. max α and max β are the maximum displacements of acceleration and brake pedals, respectively. A is in the range from 0 to 1, where the output torque of propulsion motor is in the range from 0 to Tmax. And D is in the range from −1 to 0, where the output torque of propulsion motor is in the range from Tmax to 0.
Torque Distribution Strategy Based on Speed
A torque distribution control strategy based on speed is proposed and shown in Figure 6 . According to A, B and steering wheel angle signals, based on the above calculation, the torque and rotation speed desired can be determined. The coupling distribution controller is used to regulate the torque of each motor to track the driver inputs based on the real-time rotation speed (nL-real/nR-real) and the revised torque (ΔT1/ΔT2) from the slip-ratio controller. The torque generated by each motor is coupled through the electromechanical coupling device and transmitted to the sprocket.
Ideal Vehicle Body Model
According to the dynamic analysis, the ideal vehicle model can be summarized as follows: The displacement of acceleration pedal or brake pedal is assumed to be linear to the output torque of motor. The control coefficient of acceleration (A) and brake pedal displacement signal (D) are given as follows:
where α and β are the displacements of acceleration and brake pedals, respectively. α 0 and β 0 are the free displacements of acceleration and brake pedals, respectively. α max and β max are the maximum displacements of acceleration and brake pedals, respectively. A is in the range from 0 to 1, where the output torque of propulsion motor is in the range from 0 to T max . And D is in the range from −1 to 0, where the output torque of propulsion motor is in the range from T max to 0.
Torque Distribution Strategy Based on Speed
A torque distribution control strategy based on speed is proposed and shown in Figure 6 . According to A, B and steering wheel angle signals, based on the above calculation, the torque and rotation speed desired can be determined. The coupling distribution controller is used to regulate the torque of each motor to track the driver inputs based on the real-time rotation speed (n L-real /n R-real ) and the revised torque (∆T 1 / ∆T 2 ) from the slip-ratio controller. The torque generated by each motor is coupled through the electromechanical coupling device and transmitted to the sprocket.
Ideal Vehicle Body Model
According to the dynamic analysis, the ideal vehicle model can be summarized as follows:
where ω is the desired yaw rate, V L,R is the left or right side track speed in center steering which can be calculated from the accelerator pedal position, v des is the desired vehicle speed, R des is the ideal steering radius. where ω is the desired yaw rate, VL,R is the left or right side track speed in center steering which can be calculated from the accelerator pedal position, vdes is the desired vehicle speed, Rdes is the ideal steering radius. The desired vehicle speed and ideal steering radius can be determined by driver model. These signal are inputs to the ideal vehicle body model and the desired sprocket rotation speed and torque are calculated. Figure 7 shows the workflow of the coupling distribution controller. The controller receives the signals (Tdes, ndes) calculated from the ideal vehicle model. Using the fuzzy proportion integration differentiation (PID) controller based on the error between the reference rotational speed and the actual rotational speed to produce the torque T11. The fuzzy rules is shown in Figure 8a -c. The torque signal (TLL) sent to the coupling judgment module is given as follows:
Coupling Distribution Controller
where ΔT1 is obtained by the slip ratio controller, which will be introduced in next section. Similarly, the torque signal (TRR) sent to coupling judgment module is given as follows:
The flowchart of the coupling judgment module is shown in Figure 9 . Depending on the different TLL and TRR obtained, the module will output different torque commands to the motor controller. When the required torque and power does not exceed their peak value, the steering motor does not work, Ts = 0. When the required torque exceeds the peak torque of the propulsion motor, the steering motor operates to generate additional torque to meet the torque requirements. When the power of motor is insufficient, the power coupling mode is active, the steering motor generates the relevant torque to meet the coupling conditions, and output enough power. The desired vehicle speed and ideal steering radius can be determined by driver model. These signal are inputs to the ideal vehicle body model and the desired sprocket rotation speed and torque are calculated. Figure 7 shows the workflow of the coupling distribution controller. The controller receives the signals (T des , n des ) calculated from the ideal vehicle model. Using the fuzzy proportion integration differentiation (PID) controller based on the error between the reference rotational speed and the actual rotational speed to produce the torque T 11 . The fuzzy rules is shown in Figure 8a -c. The torque signal (T LL ) sent to the coupling judgment module is given as follows:
where ∆T 1 is obtained by the slip ratio controller, which will be introduced in next section. Similarly, the torque signal (T RR ) sent to coupling judgment module is given as follows:
The flowchart of the coupling judgment module is shown in Figure 9 . Depending on the different T LL and T RR obtained, the module will output different torque commands to the motor controller. When the required torque and power does not exceed their peak value, the steering motor does not work, Ts = 0. When the required torque exceeds the peak torque of the propulsion motor, the steering motor operates to generate additional torque to meet the torque requirements. When the power of motor is insufficient, the power coupling mode is active, the steering motor generates the relevant torque to meet the coupling conditions, and output enough power. 
Slip Ratio Controller
Usually, tracked vehicles turns are accompanied by a slip phenomenon: 
Usually, tracked vehicles turns are accompanied by a slip phenomenon: (13) where n = rω is the sprocket rotation speed, u is the track longitudinal speed, generally u = V.
In order to improve the tracked vehicle steering stability and use the energy efficiently, the slip ratio is controlled within a reasonable range. The choice of slip ratio is related to the road parameters, and normally s des = 0.15 for an asphalt road. The slip ratio controller is designed based on the fuzzy PID control method (similar to torque controller mentioned above) to maintain the actual slip ratio closed to the ideal slip ratio, as shown in Figure 10 . The actual slip ratio is calculated from Equation (13) . (13) where n = rω is the sprocket rotation speed, u is the track longitudinal speed, generally u = V.
In order to improve the tracked vehicle steering stability and use the energy efficiently, the slip ratio is controlled within a reasonable range. The choice of slip ratio is related to the road parameters, and normally sdes = 0.15 for an asphalt road. The slip ratio controller is designed based on the fuzzy PID control method (similar to torque controller mentioned above) to maintain the actual slip ratio closed to the ideal slip ratio, as shown in Figure 10 . The actual slip ratio is calculated from Equation (13) . 
Modeling and Simulation Results
The steering co-simulation model shown in Figure 6 is built by multi-body software Recurdyn and control software Matlab/Simulink. The vehicle model and ground model are developed in Recurdyn as shown in Figure 11 . The driver inputs model, the control model based on speed and the motor system model are developed in Simulink. The control module in Recurdyn is seamlessly interfaced with Matlab/Simulink. The parameters of the dynamic simulation parameters are shown in Table 9 . The reaction characteristic of motors can be automatically generated by motor controller model in Simulink and transferred to Recurdyn as input of the motor. 
where n = rω is the sprocket rotation speed, u is the track longitudinal speed, generally u = V.
Center Steering
When the steering wheel is turned to the left, the accelerator pedal is pushed to the bottom, the vehicle begins to turn from its static position. The comparative trajectory is shown in Figure 12a . The vehicle without coupling device turns slowly due to its insufficient output torque. When the coupling device is used, the yaw rate of the vehicle increases rapidly to the ideal value (1.3 rad/s) whereas when the coupling device is not used the yaw rate gradually increases to 0.8 rad/s as shown in Figure 12b . It can be seen from Figure 12c that the vehicle with the coupling device outputs a larger torque in the initial movement to meet the needs of small-radius dynamic steering. As the steering enters the steady state, the output torque decreases and finally tends to a constant value. The power generated by sprockets is shown in Figure 12d . The power output is increased with coupling, but has a small value as a whole.
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When the steering wheel is turned to the left, the accelerator pedal is pushed to the bottom, the vehicle begins to turn from its static position. The comparative trajectory is shown in Figure 12a . The vehicle without coupling device turns slowly due to its insufficient output torque. When the coupling device is used, the yaw rate of the vehicle increases rapidly to the ideal value (1.3 rad/s) whereas when the coupling device is not used the yaw rate gradually increases to 0.8 rad/s as shown in Figure 12b . It can be seen from Figure 12c that the vehicle with the coupling device outputs a larger torque in the initial movement to meet the needs of small-radius dynamic steering. As the steering enters the steady state, the output torque decreases and finally tends to a constant value. The power generated by sprockets is shown in Figure 12d . The power output is increased with coupling, but has a small value as a whole. 
0.5 B Steering
The steering wheel is manipulated to output R = 0.5 B, the accelerator pedal is pushed to the bottom and the vehicle begins to turn from its static position. The trajectory of the vehicle is shown in Figure 13a . If the coupling device is not added, due to the limited torque, the sprocket cannot always generate the required torque, so the torque on both sides is always at the upper limit (150 N·m). In Figure 13b it can be seen that the yaw rate is about 1.2 rad/s when the vehicle is turning with the coupling device, but only 0.8 rad/s without it. Figure 13c shows that during the initial dynamic steering phase, the required torque is quite large. The vehicle with the coupling device can satisfy the torque requirement and the torque tends to a smaller constant value in steady state. The power generated by the sprockets is shown in Figure 13d . The power on the outer side increases with the coupling device and the power on the inner side is slightly reduced, but the overall power is not very large. The steering wheel is manipulated to output R = 0.5 B, the accelerator pedal is pushed to the bottom and the vehicle begins to turn from its static position. The trajectory of the vehicle is shown in Figure 13a . If the coupling device is not added, due to the limited torque, the sprocket cannot always generate the required torque, so the torque on both sides is always at the upper limit (150 N·m). In Figure 13b it can be seen that the yaw rate is about 1.2 rad/s when the vehicle is turning with the coupling device, but only 0.8 rad/s without it. Figure 13c shows that during the initial dynamic steering phase, the required torque is quite large. The vehicle with the coupling device can satisfy the torque requirement and the torque tends to a smaller constant value in steady state. The power generated by the sprockets is shown in Figure 13d . The power on the outer side increases with the coupling device and the power on the inner side is slightly reduced, but the overall power is not very large. 
2 B Steering
The steering wheel is manipulated to output R = 0.5 B, the accelerator pedal is pushed to the bottom and the vehicle begins to turn from its static position. The trajectory of the vehicle is shown in Figure 14a . It can be seen that the vehicle understeer is improved with the coupling device. From Figure 14b , we can see that finally the yaw rate of the vehicle is 1.2 rad/s, which is close to the theoretical value, and the yaw rate of the vehicle without the coupling device is only 0.8 rad/s. As shown in Figure 14c , since the coupling device is used, the outer side output torque of the vehicle is increased, and the inter side sprocket regenerates braking torque. The power generated by the outer sprockets and regenerated by the inter sprocket are shown in Figure 14d . This time the inner motor 
The steering wheel is manipulated to output R = 0.5 B, the accelerator pedal is pushed to the bottom and the vehicle begins to turn from its static position. The trajectory of the vehicle is shown in Figure 14a . It can be seen that the vehicle understeer is improved with the coupling device. From Figure 14b , we can see that finally the yaw rate of the vehicle is 1.2 rad/s, which is close to the theoretical value, and the yaw rate of the vehicle without the coupling device is only 0.8 rad/s. Figure 14c , since the coupling device is used, the outer side output torque of the vehicle is increased, and the inter side sprocket regenerates braking torque. The power generated by the outer sprockets and regenerated by the inter sprocket are shown in Figure 14d . This time the inner motor regenerates braking power, while the outer motor output the maximum power. Although the theoretical torque and power don't exceed the maximum value according to Table 3 , the torque and power of the outer side sprocket in simulation is much larger than theoretically calculated, meaning the steering resistance moment may be larger than we expected.
As shown in
Energies 2017, 10, 1118 15 of 17 regenerates braking power, while the outer motor output the maximum power. Although the theoretical torque and power don't exceed the maximum value according to Table 3 , the torque and power of the outer side sprocket in simulation is much larger than theoretically calculated, meaning the steering resistance moment may be larger than we expected. 
8 B Steering
The steering wheel is manipulated to output R = 8 B, and the accelerator pedal is controlled to make vehicle accelerate from 0 to 30 km/h to drive steering. The trajectory of the vehicle is shown in Figure 15a . The understeer characteristic of the vehicle is improved. The yaw rate of the vehicle shown in Figure 15b is not as large as that in small-radius steering due to the high speed of the vehicle. The power of the outer sprocket is larger thanks to the coupling device, while the power of the vehicle without the coupling device is always at maximum value as shown in Figure 15f . Without the coupling device, the vehicle speed decreases rapidly, as shown in Figure 15c . The torque and the rotation speed of the sprocket are shown in Figure 15d ,e. 
The steering wheel is manipulated to output R = 8 B, and the accelerator pedal is controlled to make vehicle accelerate from 0 to 30 km/h to drive steering. The trajectory of the vehicle is shown in Figure 15a . The understeer characteristic of the vehicle is improved. The yaw rate of the vehicle shown in Figure 15b is not as large as that in small-radius steering due to the high speed of the vehicle. The power of the outer sprocket is larger thanks to the coupling device, while the power of the vehicle without the coupling device is always at maximum value as shown in Figure 15f . Without the coupling device, the vehicle speed decreases rapidly, as shown in Figure 15c . The torque and the rotation speed of the sprocket are shown in Figure 15d 
Conclusions
In this paper, we found that the torque and power required by the propulsion motor are quite large according to the dynamic analysis of the 2METV. Therefore, a new steering coupling device is designed without increasing the peak torque or power of the propulsion motor. The device consists of a planetary gear system, two gear pairs, two electromagnetic clutches and a braker. By coupling the torque or power of the steering motor and the propulsion motor, the torque or power input to the sprocket is increased to meet the steering performance requirements in different radius. Based on this, a torque-coupled distribution strategy based on speed is proposed. The simulation in RecurDyn and Matlab/Simulink shows that the coupling device can improve the output torque or power of the sprockets, and using the proposed control strategy can achieve the better trajectory following. 
In this paper, we found that the torque and power required by the propulsion motor are quite large according to the dynamic analysis of the 2METV. Therefore, a new steering coupling device is designed without increasing the peak torque or power of the propulsion motor. The device consists of a planetary gear system, two gear pairs, two electromagnetic clutches and a braker. By coupling the torque or power of the steering motor and the propulsion motor, the torque or power input to the sprocket is increased to meet the steering performance requirements in different radius. Based on this, a torque-coupled distribution strategy based on speed is proposed. The simulation in RecurDyn and Matlab/Simulink shows that the coupling device can improve the output torque or power of the sprockets, and using the proposed control strategy can achieve the better trajectory following.
